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Abstract: Extinction cross-section spectra of split-ring-resonator dimers 
have been measured at near-infrared frequencies with a sensitive spatial 
modulation technique. The resonance frequency of the dimer's coupled 
mode as well as its extinction cross-section and its quality factor depend on 
the relative orientation and separation of the two split-ring resonators. The 
findings can be interpreted in terms of electric and magnetic dipole-dipole 
interaction. Numerical calculations based on a Discontinuous Galerkin 
Time-Domain approach are in good agreement with the experiments and 
support our physical interpretation. 
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1. Introduction 
The metamaterial concept has enriched optics and photonics with new and fascinating 
aspects, e.g., magnetism at optical frequencies [1–3], negative index materials [4,5], 
transformation optics [6,7], and strong chirality [8–10]. In most photonic metamaterials, these 
phenomena result from a dense arrangement of resonant metallic nanostructures (“photonic 
atoms”). For instance, the split-ring resonator (SRR) [11], i.e., a sub-wavelength metallic ring 
with a small gap, is the prototypical magnetic photonic atom. For proper frequency and 
polarization of the incident light, resonantly enhanced oscillating currents can be excited in 
the SRR resulting in a strong magnetic dipole moment. In arrays of SRRs, this can give rise to 
a strong overall magnetic response. 
The total electromagnetic field acting on each photonic atom is the superposition of the 
incident light field and the scattered fields of all other photonic atoms. Thus, the optical 
properties of the photonic metamaterial are governed by the interplay of two contributions: (i) 
The optical response of the individual photonic atoms resulting from the direct excitation with 
the incident light field and (ii) the mutual electromagnetic couplings of the photonic atoms 
mediated by the scattered fields. The latter can be decomposed into the elementary, i.e., pair-
wise, interactions of the photonic atoms, which depend on the relative separation and relative 
orientation of the two corresponding photonic atoms. 
The importance of coupling effects in photonic metamaterials has been demonstrated in 
several experiments. For example, coupling between stacked layers of SRRs [12,13] or lateral 
coupling of twisted SRRs [14] results in spectral splitting of the fundamental magnetic mode 
and lateral coupling in low-symmetry two-dimensional (2D) SRR arrays leads to a 
modification of the polarization eigenstates [15]. Experiments on arrays of SRRs revealed an 
influence of the lateral period on the resonance frequency and linewidth of the fundamental 
magnetic mode [16]. Another manifestation of interaction effects in metamaterials is the 
formation of magneto-inductive waves observed at microwave [17,18] and near-infrared 
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frequencies [19,20]. Near-field and far-field coupling effects have also been theoretically 
predicted and experimentally observed in the context of plasmonic particles [21–25]. 
In this letter, we experimentally and theoretically investigate the lateral electromagnetic 
coupling of SRRs. For this purpose, two SRRs forming a dimer can be considered as a model 
system which can be utilized for systematic studies of the elementary coupling effects in 2D 
magnetic metamaterials. The uncoupled system corresponds to two infinitely separated SRRs. 
Thus, the spectrum of a single SRR multiplied by a factor of two can be utilized as a 
reference. By comparing the extinction cross-section spectrum of the SRR dimer with this 
reference, we can directly infer the influence of the mutual electromagnetic interaction on the 
spectral position of the resonance as well as the corresponding quality factor and the peak 
value of the extinction cross-section. Investigations of the coupling mechanism of two SRRs 
for a different excitation geometry and for microwave frequencies have been reported in [26]. 
In our experiments (calculations), the two SRRs are equivalent since they are both driven by 
an external plane wave. In contrast, in the experiments (calculations) of reference [26], one of 
the two SRRs is locally excited and the second SRR is only driven by the electromagnetic 
near-field of the first SRR. This difference in the excitation geometries has profound 
consequences: In reference [26], the authors observe for all configurations two resonances 
while we always find (in accordance with the symmetry of our excitation geometry) only one 
resonance. 
2. Sample design, fabrication, and experimental setup 
The four different SRR dimer configurations investigated in this letter are shown in Fig. 1 (a). 
In the side-by-side configuration and the on-top configuration, the two SRRs have the same 
orientation and the vertical wires and the bottom wires, respectively, are aligned flush. These 
two configurations are directly related to a usual 2D SRR array and probe the coupling along 
the two primitive lattice vectors of the array (see red and blue boxes in (a) and (b), 
respectively). In the gap-to-gap configuration and the back-to-back configuration, the vertical 
wires are aligned flush and the two gaps and the two bottom wires, respectively, face each 
other. These configurations have been chosen because we find particularly strong (weak) 
SRR-SRR coupling for the gap-to-gap (back-to-back) configuration (see below). We vary the 
separation of the two SRRs between ~30 nm and ~230 nm. These separations are comparable 
to those of nearest neighbors in typical 2D SRR arrays. SRR dimers with larger separations 
have not been fabricated since our measurement technique requires that the total extent of the 
dimer is small compared to the wavelength of the incident light. 
The samples have been fabricated by standard electron-beam lithography, electron-beam 
evaporation of the 25-nm-thick gold film on top of a glass substrate covered with 5 nm 
indium tin oxide, and subsequent lift-off. The intended studies require the fabrication of high 
quality samples in which the shape and size of the SRRs in the different dimers is kept 
constant. Thus, we have taken great care during the lithography process to adjust the dose for 
each SRR dimer to guarantee minimal geometric deviations. This is exemplified in Fig. 1 (c), 
which depicts scanning-electron micrographs of a series of SRR dimers for the gap-to-gap 
configuration and separations ranging from 210 nm to 35 nm. In addition to the individual 
SRRs and SRR dimers, large gold plates serving as knife-edges (lateral dimensions 20 µm × 
20 µm) have been fabricated on the same substrate. 
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Fig. 1. (a) Scanning-electron micrographs of four different SRR dimers: On-top configuration, 
side-by-side configuration, gap-to-gap configuration, and back-to-back configuration. (b) 
Scheme of a usual 2D-periodic square lattice of equally oriented SRRs. The on-top 
configuration and the side-by-side configuration are directly related to the arrangement of 
SRRs in a usual 2D array (see red and blue boxes). (c) Scanning-electron micrographs of a 
series of SRR dimers (gap-to-gap configuration). The separation d between the two SRRs 
decreases from d = 210 nm (left) to d = 35 nm (right). 
 
Fig. 2. Scheme of the spatial modulation setup. 
The absolute extinction cross-section spectra of individual SRRs and SRR dimers have 
been measured with a sensitive spatial modulation technique [27,28]. In our setup (see Fig. 2), 
the output of a white-light laser (Fianium SC450, 2-W average power, 20-MHz repetition 
frequency) is spectrally filtered by a grating monochromator set to 1 nm resolution. A single-
mode optical fiber attached to the output port of the monochromator serves as a spatial filter. 
The output facette of the optical fiber is imaged onto the sample with a combination of a 
plano-convex lens (focal length 25 mm) and a 20 × microscope lens (numerical aperture NA 
= 0.4). Knife-edge measurements reveal a Gaussian beam shape with a typical beam waist r0 
= 1.5 µm for λ = 1200 nm wavelength (250 THz frequency) in the sample plane. A polarizer 
placed between the two lenses defines the linear polarization of the light impinging on the 
sample. The transmitted light is collected with a second 20 × microscope lens and detected 
with a room-temperature InGaAs detector connected to a lock-in amplifier. A piezoelectric 
tilt mirror mounted in front of the first microscope lens is utilized to periodically modulate the 
lateral position of the Gaussian beam in the sample plane in one direction with an amplitude 
of about a = 1.5 µm at a frequency of 4000 Hz. Additionally, we perform a 2D lateral scan (7 
µm × 5 µm) of the sample by means of a three-dimensional piezoelectric transducer stage. 
#122844 - $15.00 USD Received 15 Jan 2010; revised 23 Feb 2010; accepted 24 Feb 2010; published 15 Mar 2010
(C) 2010 OSA 29 March 2010 / Vol. 18,  No. 7 / OPTICS EXPRESS  6548
   
The absolute extinction cross-section Cext of a particle for a given frequency is 
proportional to the maximum of the 2D relative differential signal (RDS) data set RDSmax and 
the effective Gaussian beam area A = π r02/2: 
 
max
.
ext
A RDSC
ξ
×
=  (1) 
The proportionality factor 1/ξ accounts for the sinusoidal modulation of the beam and 
depends only on the ratio of the modulation amplitude a and the beam radius r0 [29]. 
3. Single SRR 
The measured extinction cross-section spectrum of a single SRR for normal incidence and 
horizontal polarization is depicted by the circles in Fig. 3 (a). The extinction cross-section 
spectrum exhibits a pronounced resonance at 207 THz frequency with a peak value of Cext = 
0.17 µm2. This resonance can be attributed to the fundamental magnetic mode of the SRR and 
has been observed both in arrays of SRRs [1,3,12–16] and in isolated SRRs [29]. Basically, 
the incident electric field excites a resonantly enhanced oscillating current in the SRR. This 
current induces a magnetic dipole moment oriented perpendicular to the SRR. Additionally, 
charge accumulations at the ends of the vertical wires of the SRR give rise to an electric 
dipole moment oriented parallel to the incident light polarization. 
 
Fig. 3. (a) Measured (circles) and calculated (black curve) extinction cross-section of a single 
SRR for normal incidence and horizontal polarization. The corresponding calculated 
absorption cross-section and scattering cross-section spectra are represented by the red and 
blue curve, respectively. The insets show a scanning electron micrograph of the single SRR 
and the geometry assumed in our calculations, respectively. The scale bars are 200 nm. (b) 
Equivalent dipole model for a SRR. The blue (red) arrow corresponds to the electric 
(magnetic) dipole moment. (c) Calculated electric (left) and magnetic (right) near-field 
distribution, respectively, for the plane intersecting the middle of the SRR. 
The solid black curve in Fig. 3(a) represents the extinction cross-section spectrum of a 
single SRR calculated with the Discontinuous Galerkin Time-Domain (DGTD) method (see 
below). The extinction cross-section is given by the sum of the absorption cross-section and 
the scattering cross-section, i.e., Cext = Cabs + Cscatt. A more detailed analysis of the calculated 
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data reveals that in the case of our SRR design, Cabs and Cscatt contribute to approximately 
equal parts to Cext (compare red and blue curve in Fig. 3(a)). As expected, the resonance 
disappears for vertical polarization both in the experiment and in the calculations (not shown). 
A comparison of the extinction cross-section spectra of several nominally identical single 
SRRs shows that the variation of the resonance frequency is ≤ 5 THz. The corresponding 
peak values of Cext differ by ≤ 0.005 µm2. 
4. Dipole-dipole interaction model 
Before we address the experimental results for SRR dimers, we discuss the anticipated 
coupling effects in terms of an intuitive dipole-dipole interaction model. In analogy to electric 
dipole-dipole coupling in plasmonic dimers [21–25], we substitute each SRR by two dipoles: 
(i) an electric dipole oriented parallel to the incident light polarization and (ii) a magnetic 
dipole oriented perpendicular to the SRR (see Fig. 3(b)). To account for the actual electric 
and magnetic near-field distribution (see Fig. 3(c)), we position the magnetic dipole in the 
center of the SRR while the electric dipole is located between the two ends of the SRR. For 
small separations, i.e., d « λ/4, retardation effects can be neglected. In this case, the 
interaction between equally oriented dipoles – be it electric or magnetic – yields an increase 
(decrease) of the resonance frequency for a transverse (longitudinal) arrangement. 
Furthermore, coupling of each SRR to the radiation field will be altered by the presence of 
the second SRR. It acts as an antenna which transfers some of the SRR's electromagnetic 
near-field to the far-field. This results in an increase of the line width or, equivalently, a 
decrease of the quality factor of the resonance. However, within this model, exact values of 
the dimer’s quality factors cannot be predicted since it strongly depends on the actual near-
field distribution. The increase of the linewidth is related to a decrease of the peak value of 
Cext. In other words, we expect that the extinction cross-section of the SRR dimer is smaller 
than the combined extinction cross-section of two uncoupled SRRs. 
Due to the antenna effect, we also anticipate that the scattering cross-section becomes 
more important at the expense of the absorption cross-section for decreasing separation of the 
two SRRs. For larger separations (d ≥ λ/4), retardation effects become important resulting in 
periodic modulations of the resonance frequency and the quality factor, respectively, of the 
dimer's coupled mode [24,25]. 
The relative strength of the electric dipole-dipole interaction and magnetic dipole-dipole 
interaction obviously depends on the electromagnetic near-field distribution. Thus, our 
dipole-dipole model cannot make corresponding a priori predictions. However, it allows for 
intuitive a posteriori interpretations of the resulting spectral shifts. For quantitative results, 
we have to refer to our rigorous numerical calculations (see below). 
Finally, we want to emphasize that the dipole-dipole interaction model has to be 
considered as a first approximation since several aspects of the SRR-SRR interaction cannot 
be covered within its framework, e.g., the finite extent of the SRRs or coupling of higher 
order multipoles. Again, these aspects are taken fully into account in our rigorous numerical 
calculations (see below). 
5. SRR dimers 
The measured extinction cross-sections for the four dimer configurations are presented in Fig. 
4. (a)-(d) as circles. In addition to the spectra of the dimers, we have depicted in each case the 
spectrum of the same single SRR multiplied by a factor of two as a reference. The solid 
curves are Lorentzian fits to the experimental data. From these fits, we derive the resonance 
frequency fres, the peak value of the extinction cross-section spectrum Cext, and the quality 
factor Q defined as Q = fres /∆ fres, where ∆ fres is the full width at half maximum of the 
resonance peak. 
#122844 - $15.00 USD Received 15 Jan 2010; revised 23 Feb 2010; accepted 24 Feb 2010; published 15 Mar 2010
(C) 2010 OSA 29 March 2010 / Vol. 18,  No. 7 / OPTICS EXPRESS  6550
   
 
Fig. 4. Measured extinction cross-section spectra of four different sets of SRR dimers for 
different separations. The symbols correspond to the experimental data. The solid curves are 
Lorentzian fits to the experimental data. The different curves in each set are vertically 
displaced for clarity (see arrows). (a) Side-by-side configuration, (b) on-top configuration, (c) 
gap-to-gap configuration, and (d) back-to-back configuration. 
5.1 Side-by-side Configuration 
Figure 4(a) depicts the measured extinction cross-section spectra for the side-by-side 
configuration for separations ranging from d = 50 nm to d = 225 nm. For decreasing 
separation, the resonance frequency of the dimer's coupled mode gradually shifts to lower 
frequencies and the corresponding quality factor degrades. Furthermore, we find that the 
reference's peak value of Cext exceeds that of all dimers in this configuration. For the smallest 
separation (d = 50 nm), the frequency shift is about 6% of fres of the reference. The quality 
factor decreases from Q = 8.7 (reference) to Q = 5.5 (d = 50 nm) and the peak value of Cext 
decreases from Cext = 0.34 µm2 (reference) to Cext = 0.3 µm2 (d = 50 nm). 
The red shift of the resonance for the side-by-side configuration can be understood in 
terms of the dipole-dipole interaction model. For symmetry reasons, the incident light field 
can only excite a symmetric mode of the dimer in which the two electric dipoles and the two 
magnetic dipoles are oscillating in phase. The electric dipoles are oriented parallel to the axis 
of the SRR dimer resulting in longitudinal electric dipole-dipole coupling. In contrast, the 
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magnetic dipoles are oriented perpendicular to the SRR dimer axis, i.e., the magnetic dipoles 
are coupled transversely. The longitudinal electric dipole-dipole interaction tends to decrease 
the resonance frequency while the transverse magnetic dipole-dipole interaction has the 
opposite effect. Thus, the red shift of the resonance suggests that the interaction between the 
two SRRs is dominated by electric dipole-dipole coupling in case of the side-by-side 
configuration. The decrease of the quality factor and the peak value of the extinction cross-
section is also consistent with the reasoning given above. 
5.2 On-Top Configuration 
Next, we address the experiments for the on-top configuration. The corresponding extinction 
cross-section spectra for separations ranging from d = 30 nm to d = 225 nm are depicted in 
Fig. 4(b). Here, the resonance frequency slightly increases with decreasing separation. The 
observed spectral shift is comparable to the limits set by the variation of fres due to fabrication 
tolerances. This small shift is also consistent with the corresponding numerical calculations 
(see Fig. 5(b)). Additionally, we find a significant reduction of the quality factor and the peak 
value of the extinction cross-section, respectively. For the smallest separation (d = 30 nm), 
the quality factor is Q = 7.4 and the peak value of the extinction cross-section is Cext = 0.23 
µm2. 
In terms of the dipole-dipole interaction model, one expects a blue shift of the dimers's 
coupled mode for the on-top configuration since both the electric and the magnetic dipoles are 
coupled transversely. The weakness of this effect can probably be attributed to additional 
coupling of higher order multipoles. 
The magnitude of the spectral shift of the dimer's resonance frequency with respect to the 
reference is for small separations a measure for the coupling strength of the two SRRs. A 
comparison of the results for the side-by-side configuration and the on-top configuration 
suggests that the nearest neighbor interaction of equally oriented SRRs in dense square arrays 
is dominated by the side-by side configuration rather than by the on-top. This interpretation is 
further supported by our numerical calculations (see Fig. 5(a) and (b)). 
5.3 Gap-to-Gap Configuration 
The measured spectra for the gap-to-gap configuration are shown in Fig. 4(c). Here, the 
reduction of the separation between the two SRRs leads to a strong increase of the resonance 
frequency. At the same time, we observe a continuous reduction of Q and Cext. For the 
smallest separation (d = 35 nm), the shift of the resonance frequency of the dimer's coupled 
mode is 8% of fres of the reference. The corresponding quality factor is Q = 7.3 and the 
corresponding peak value of the extinction cross-section is Cext = 0.27 µm2. 
In the gap-to-gap configuration, the two SRRs are rotated against each other by 180° with 
respect to the interface normal. Again, the incident light field can only couple to a symmetric 
mode of the dimer. Thus, the two electric dipoles are excited in phase but the two magnetic 
dipoles are oscillating with a phase shift of π in the gap-to-gap configuration. For transverse 
dipole-dipole coupling, the interaction of the parallelly oriented electric dipoles increases the 
resonance frequency while the interaction of the anti-parallelly oriented magnetic dipoles 
tends to counteract this effect. Again, we find that the interaction between the two SRRs is 
dominated by electric dipole-dipole coupling. 
5.4 Back-to-Back Configuration 
Finally, we address the experiments for the back-to-back configuration (see Fig. 4(d)). For 
this configuration, the reduction of the separation between the two SRRs leads to a slight 
decrease of the resonance frequency which is comparable to the corresponding spectral shift 
in the numerical calculations (see Fig. 5(d)). At the same time, we observe a continuous 
reduction of Q and Cext. For the smallest separation (d = 45 nm), the quality factor is Q = 6.5 
and the peak value of the extinction cross-section is Cext = 0.25 µm2. 
Like in the previous case, all dipoles are transversely coupled with the two electric dipoles 
excited in phase and the two magnetic dipoles oscillating with a π phase shift. However, in 
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our model, the electric dipoles are further separated in the back-to-back configuration than in 
the gap-to-gap configuration for the same value of d. In contrast, the separation of the 
magnetic dipoles does not change. Hence, we expect that the relative importance of the 
electric dipole-dipole interaction becomes weaker. The slight red shift of the resonance even 
indicates that for the back-to-back configuration the magnetic dipole-dipole coupling is more 
efficient than the electric dipole-dipole coupling. 
 
Fig. 5. Calculated extinction cross-section spectra of four different sets of SRR dimers. The 
geometries and separations of the SRRs correspond to the experiments in Fig. 4. The different 
curves in each set are vertically displaced for clarity (see arrows). (a) Side-by-side 
configuration, (b) on-top configuration, (c) gap-to-gap configuration, and (d) back-to-back 
configuration. 
6. Numerical calculations 
To support our interpretations, we have performed rigorous numerical calculations based on 
an in-house DGTD code employing a total-field scattered-field approach and perfectly 
matched layers [30–32]. The electric permittivity of gold is described with the free-electron 
Drude model with plasma frequency ωpl = 1.378 × 1016 s−1 and collision frequency ωcoll = 
1.398 × 1014 s−1. In all our calculations, the SRRs are characterized by the same set of 
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geometrical parameters which has been derived from a scanning-electron micrograph of a 
single SRR (see insets in Fig. 3(a)). 
The calculated extinction cross-section spectra of the four configurations are depicted in 
Fig. 5. Here, the separation matches the corresponding experiment (see Fig. 4) in each case. 
The numerical calculations qualitatively and almost quantitatively reproduce all trends 
observed in the corresponding experiments (compare Fig. 4 and Fig. 5). 
Additionally, we have calculated extinction cross-section spectra for separations 
exceeding the experimental range. For separations comparable to or larger than the resonance 
wavelength, Cext and Q exhibit an oscillatory behavior (not shown). Analogous effects have 
been observed for plasmonic dimers [24,25]. Furthermore, we find that the DGTD 
calculations confirm our prediction that the scattering cross-section becomes more important 
at the expense of the absorption cross-section for the SRR dimer for decreasing separations 
(not shown). 
7. Conclusion 
In conclusion, we have experimentally and theoretically investigated the extinction cross-
section spectra of SRR dimers. We find that the dimer's resonance frequency shifts with 
increasing SRR separation. The direction of this shift depends on the orientation of the SRRs 
in the dimer. The measured (calculated) frequency shift for the gap-to-gap configuration can 
be as large as 8% (10%) of the resonance frequency of the corresponding single SRR. Even 
stronger effects are observed with respect to the quality factor of the dimer's coupled mode. 
Here, we find for the side-by-side configuration a maximum reduction of the quality factor of 
37% (30%) compared to the quality factor of a single SRR in our experiments (calculations). 
Our results imply that the in-plane interaction between SRRs strongly influences the optical 
properties of two-dimensional metamaterial arrays. 
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